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Hybridization of Mg-doped ZnO and reduced graphene oxide (MZO–RGO) were synthesized through one pot reaction process. Crystallization
of MZO–RGO upon thermal decomposition of the stearate precursors was investigated by X-ray diffraction technique. XRD studies point toward
the particles size with 10–15 nm, which was conﬁrmed by transmittance electronic microscopy, and also indicates that graphene oxide has been
directly reduced into its reduced state graphene during the synthesis. Graphene hybridized MZO photocatalyst showed enhanced catalytic activity
for the degradation of methylene blue (MB). The degree of photocatalytic activity enhancement strongly depended both on the coverage of
graphene on the surface of MZO nanoparticles and the Mg doping concentration. The sample of 2 wt% graphene hybridized 5 at% Mg-doped
ZnO showed the highest photocatalytic activity, which remained good photocatalytic activity after nine cycling runs.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Low-cost semiconductor photocatalysts with high photoca-
talytic efﬁciency offer great potential for environmental
puriﬁcation and converting photon energy into chemical
energy. As a wide band gap (3.37 eV at 300 K) semiconductor
with large exciton binding energy (60 meV), ZnO is a
promising versatile material, which has been intensively
studied in the ﬁelds of blue–violet light emitting diodes
(LEDs), ultraviolet detector, solar cells, ﬁeld-effect transistors
(FETs), sensors, photocatalysts [1,2]. Though ZnO is photo-
catalytically active, its band gap is not wide enough to utilize
the high-engergy solar radiation. The bandgap of ZnO can
be controlled via divalent substitution on the cation site.
Substituting Mg on Zn site widens the bandgap of ZnO, ande front matter & 2014 Chinese Materials Research Society. Produc
/10.1016/j.pnsc.2014.01.002
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nder responsibility of Chinese Materials Research Society.it is possible to obtain wide band gap Mg-doped ZnO alloys
with different ratios of Mg doping, which could be in favor of
photocatalytic activities of ZnO under ultraviolet (UV) light
irradiation [3,4].
Graphene is a single two-dimensional carbon sheet with the
same structure as the individual layers in graphite. Presently
graphene-inorganic nanocomposites have been successfully synthe-
sized and showed novel composite properties which were not
found in the individual component [5–12]. Recently, it has been
found out that the hybridization of ZnO with reduced graphene
oxide (RGO) nanocomposites could improve photoelectric
response effectively and also enhance the efﬁciency of charge
separation and transfer, in which it was illustrated that the
semiconductor surface would produce photoinduced electron–hole
pairs which adsorb on the surface, resulting in the enhancement of
conductivity under UV light irradiation [7,13–15].
In this paper, we discover the synthesis of Mg-doped ZnO–
RGO nanohybrids through one pot reaction to achieve the
composites in situ, which demonstrates a signiﬁcant enhance-
ment of the photocatalytic activity of nanocomposites under
UV light irradiation. The approach we describe here will be
promising for the future development of high-efﬁciency
photocatalysts and optoelectronic devices.tion and hosting by Elsevier B.V. All rights reserved.
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2.1. Materials and measurements
All the reagents were analytical grade. The structural
properties were analyzed using Cu Kα radiation (λ=
1.5406 Å) in the X-ray diffractometer (XRD, Bruker D8).
The XRD data were collected for the 2θ range of 51 to 701
with step 0.011. Transmission electron microscropy (TEM)
images were obtained by Philips CM12/STEM Transmission
Electron Microscope with an accelerating voltage of 120 kV.
Fourier Transform Infrared (FT-IR) spectra were recorded in
the 4000–400 cm1 region by Bruker VERTEX-70 Fourier
transform infrared spectrometer. Ultraviolet–visible (UV–vis)
spectra of liquid methylene blue (MB) solution and solid
MZO–RGO nanocomposites were performed on RAYLEIGH
UV-1801 ultraviolet–visible spectrophotometer and SHI-
MADZU UV-2250 Ultraviolet–visible spectrometer, respec-
tively. Samples were analyzed using a Thermo Scientiﬁc DXR
dispersive Raman micro-spectrometer. It was equipped with a
532 nm Nd-YVO4 laser, an automated confocal microscope
(Olympus BX51) with a software-controlled x–y–z stage, and a
Peltier-cooled charge-coupled device (CCD) detector. The
Olympus MPlan-BD 100X objective (numerical aperture 0.9)
was used. The laser beam with an output power of 24 mW
irradiated the sample with a maximum power of 10 mW and an
estimated spot size of 1 mm. The application of a grating with
900 grooves per mm and a pinhole with 25 mm diameter
produced Raman spectra from 3500 cm1 to 50 cm1 with a
spectral resolution of about 3 cm1. Raman spectra were
collected in 10 accumulations of 5 s each, and peaks were
identiﬁed by Thermo Scientiﬁc OMNICTM software. The
frequencies of the Raman bands were monitored by
1001 cm1 band of the standard polystyrene before and after
each measurement, and the band-frequency accuracy was
about 0.5 cm1 (1s level). All measurements were conducted
under conditions of atmosphere pressure, room temperature
(2171 1C) and humidity o50%.
2.2. Synthesis of graphene oxide (GO)
Graphene oxide (GO) was synthesized by a modiﬁed
Hummers method [9,16]. At room temperature, 1.0 g of
NaNO3 and 50 mL of concentrated H2SO4 were weighed
and placed into a conical ﬂask. Then, 1.0 g of natural graphite
was added into the conical ﬂask with stirring, and this mixed
solution was dropped to 0 1C in an ice-bath. Under the
condition of ice-bath, 6.0 g of KMnO4 was added into the
mixture gradually under slowing stirring for 1 h. Then the
solution was vigorously stirred for 3 h after the temperature
rise to 25 1C. During this process, the color of the mixed
solution was from green to brownish black. After adding
150 mL of twice-distilled water, the solution was heated up to
98 1C, and stirred for another 30 min. And then 30 mL H2O2
was added into the mixture when the temperature dropped to
60 1C. Finally, the mixed solution was washed for three
times by 5 wt% HCl solution through centrifugation andultrasonication. The remained sediment was dried at 60 1C
for 24 h in the vacuum.
2.3. Synthesis of MZO–RGO nanohybrids
We use zinc stearate (Zn(St)2) as zinc source and magne-
sium stearate (Mg(St)2) as magnesium source. In the synthesis,
the total molar quantity of precursors was set as 5 mmol. We
obtained different Mg-doping levels by varying the molar
concentrations of Mg(St)2 in the precursors. According to the
theoretical amount of the product of MZO, the added amount
of GO for the synthesis is 2 wt% in the product of MZO–RGO.
The synthesis process of MZO–RGO nanohybrids with
different Mg-doped concentration is as following. First, Zn
(St)2 and 40 mL of octadecene (ODE) were mixed into
standard three-necked ﬂask (250 mL) for heating, with remov-
ing the O2 and H2O (gas) in the system by N2. 0.5 h later, the
condensate water device was connected to the ﬂask and then
the system was heated to 270 1C. Meanwhile, the mixture of
Mg(St)2, GO and 10.0 g of octadecanol (ODA) were weighed
and melted in a 50 mL beaker, which were stirred and heated
by magnetic stirrer. Then the hot mixture solution was injected
quickly into standard three-necked ﬂask quickly, and the
temperature of the system kept about 270 1C. The reaction
lasted for certain time under the temperature of 270 1C.
Finally, cooling the temperature down to 100 1C and then
adding 80 mL ethyl acetate, the product was separated and
puriﬁed by cyclohexane and methanol, respectively. The
subsequent sediment was dried at 80 1C for at least 5 h in
the vacuum oven.
2.4. Photocatalytic activity of MZO/RGO nanohybrids
About 12 mg of MZO–RGO nanoparticles were dispersed in
10 mg/L methylene blue (MB) solution with the volume of
21 mL [13], with lighting under the UV lamp (OSRAM
ULTRA-VITALUX, 220 V, and 300 W). During the irradia-
tion, we put the mixed suspension on the magnetic stirrer to
make the nanoparticles dispersed homogeneously in the MB
solution. The solution was collected every 15 min. In the
cycling experiment, each time 12 mg MZO–RGO nanoparti-
cles were dispersed in the fresh 10 mg/L MB solution with the
volume of 21 mL, under the irradiation time of 30 min.
3. Results and discussion
3.1. Structural analysis
The crystalline structures of graphene oxide (GO) and Mg-
doped ZnO/reduced graphene oxide (RGO) nanohybrids are
demonstrated in Fig. 1. There is no characteristic peak of the
(0 0 1) reﬂection of GO at 2θ¼11.11 [17] in the XRD patterns
of MZO–RGO nanocomposites. It indicates that graphene
oxide has been directly reduced into its reduced state graphene
through one pot reaction. As shown in Fig. 2 the concentra-
tion of Mg2þ and RGO and the reaction time have not
changed the hexagonal wurtzite structure of ZnO (JCPDS card
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would be responsible for the enhanced photocatalytic perfor-
mance of MZO/RGO nanocrystals. Besides, according to10 20 30 40 50 60 70
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Fig. 1. XRD patterns of the MZO–RGO samples with different doping
concentration of Mg2þ .
Fig. 2. (A) and (B) TEM images, (C) and (D) the electron diffraction patterns oScherrer formula, we calculate that the nanoparticles size is
10–15 nm. Compared with our earlier study [3], MZO–RGO
nanoparticles synthesized through one pot reaction have
smaller particle size and better morphology. Furthermore,
under the existence of RGO sheets, Mg-doped concentration
is raised to 15 at% at least. However, an impure peak at
2θ¼26.51 appears in the XRD patterns of most MZO–RGO
nanocomposites, which could be recognized as a skewing of
the characteristic peak of the (0 0 2) reﬂection of pure graphite
at 2θ¼26.381 or as the reaggregation of reduced graphene
sheets [19]. Because of the stearate precursors and other
organic solvent added during the synthesis, at 2θ¼20–301
there are some other impure peaks [19,20].
The direct evidence of the formation of MZO–RGO is given
by TEM images. Fig. 2(A) shows that Mg-doped ZnO
nanocrystals distribute in the middle of Mg0.05Zn0.95O/RGO
evenly. Reduced grapheme oxide (RGO) sheets are found in
the edge of Mg0.05Zn0.95O/RGO clearly in Fig. 2(B). Accord-
ing to the diffraction rings of MZO nanocrystals (Fig. 2(C))
and RGO sheets (Fig. 2(D)), we can calculate that the particles
size is 10–15 nm which is consistent with the calculated results
from XRD. TEM images indicate that RGO sheets have beenf the central, and the edge of Mg0.05Mg0.95O–RGO composite, respectively.
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the method of hot injection.
In Fig. 3, the characteristic peaks of GO are exhibited in FT-
IR spectra by the bands at 1074 cm1 and 1726 cm1 are
assigned to C–O–C stretching vibrations and C¼O stretching
of COOH groups, respectively, and the weak absorption at
1397 cm1 due to C–OH stretching peak [13,21]. However, in
FT-IR spectra of MZO–RGO (Fig. 4) all these peaks belonged
to the oxygen-containing functional groups have been dis-
appeared which indicates that GO has been reduced to RGO as
XRD and TEM patterns showed. Besides, the strong peaks at
454 cm1 can be assigned to Zn–O stretching vibration
[18,22], which means that RGO has been hybridized with
MZO to form MZO–RGO nanocomposites successfully. When
the Mg-doped concentration increases, the Zn–O absorption
band shifts to higher frequency and its corresponding intensity
gradually decreases. This tendency is consistent with the result
reported by Xiong [23]. However, the band at 1624 cm1
mentioned [24] also appears in our study, which is assigned to
the skeletal vibrations of unoxidized graphitic domains.4000 3500 3000 2500 2000 1500 1000 500
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Fig. 3. FT-IR spectra of GO, ZnO and ZnO/RGO.
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Fig. 4. FT-IR spectra of MZO–RGO.Furthermore, there are still some stearate precursors adsorbing
on the surface of nanohybrids during the synthesis that could
be proved by the bands at 1460 cm1 and 1568 cm1 which
correspond to –CH2– vibration peak and the skewing of COO-
dissymmetric vibration peak. These two characteristic peaks
are the evidences for the existence of R-COO-groups in the
formation, which are reported in the earlier literatures [25,26].
It could be observed in Raman spectra (Fig. 5) that the
characteristic peaks of GO appear at 1346 cm1 and
1592 cm1, corresponding to D and G bands [13,27]. Com-
pared with GO, there is a certain extent shifting happened to
the G peak of MZO–RGO nanocomposites, and the extent of
red shift increases with the doping density of Mg2þ [28]. Take
ZnO–RGO for example, IG/ID also increases compared with
that of GO. Apparently IG/ID reﬂects the degree of graphitiza-
tion, which is also corresponding to the proportion of the area
of sp2 hybridization [29]. Therefore, it could be inferred that
the area of crystalline graphene increases after hybridized with
MZO nanoparitlces.3.2. Photocatalytic activity
UV–vis spectra of ZnO hybridized with RGO and Mg-
doped ZnO hybridized with RGO are shown in Fig. 6(A) and
(B), respectively. It can be found that the absorption intensities
in the visible ranges for the nanohybrids doping with or
without Mg, are higher than those of pure metal oxide
nanoparticles, indicating that RGO is helpful for electrons of
conduction band transferring from ZnO nanoparticles to RGO
itself. In the ultraviolet part, there is a slight blue-shift caused
by the hybrid of RGO sheets, which is considered as the
electrons accumulated near the conduction band [30]. This
process could cause charge separation to make further
improvement on the photoelectric property of MZO–RGO
nanocomposites.
Fig. 7 describes the absorption spectra of MZO–RGO
nanoparticles with different Mg-doped concentrations. With
Mg-doped concentration increasing from 0 to 20%, the1000 1200 1400 1600 1800 2000
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Fig. 5. Raman spectra of ZnO, GO and MgZnO–RGO.
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Fig. 6. UV–vis spectra of (A) ZnO and ZnO/RGO and (B) Mg0.05Zn0.95O and Mg0.05Zn0.95O/RGO.
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Fig. 7. UV–vis spectra of MZO–RGO nanoparticles with different Mg-doped
concentration.
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earlier study [3]. This phenomenon indicates that doping
Mg2þ into ZnO increases the width of the band gap effectively
and therefore improves the photoelectric property of ZnO
based semiconductor nanomaterials. In the visible range,
among the samples with different Mg-doped concentration,
the absorption of Mg0.05Zn0.95O/RGO shows the highest
absorption properties in the visible range.
From the above measurements, it reveals that 5 at%
Mg-doped ZnO nanocrystals synthesized with 40 min under
270 1C has a wurtzite structure with uniform particle size as
10–15 nm. In Fig. 8(A), the photo-degradation rate of MB
under UV light indicates that MZO with 2 wt% RGO hybrided
has the highest performance in photocatalytic activity. When
hybridized with 2 wt% RGO, the photo-degradation rate of
MZO–RGO increased with the doping level of Mg up to 5%,
and it slightly decreased when the doping level up to 10%.
When the doping level increased up to more than 10%, the
photo-degradation rate sharply decreased (shown in Fig. 9(B)).
Furthermore, the comparison of the effects of Mg0.05Zn0.95O/
RGO nanohybrids synthesized at different reaction times from20 min to 60 min is shown in Fig. 9(C), which presents that
MZO–RGO synthesized for 40 min achieved the highest
photo-degradation rate. Therefore, Mg0.05Zn0.95O/RGO nano-
hybrids synthesized for 40 min are the photocatalysts for
cycling experiment under UV light, and the result is shown
in Fig. 9. After 9 times cycles, the sample still performs good
photocatalytic activity, which keeps the degradation rate of
MB solution remaining more than 95%. With the same
photocatalyst concentration, these samples show a higher
degradation rate of MB solution than earlier research reported
by Fan [13]. It probably indicates that the Mg-doping role in
the MZO–RGO nanohybrids actually plays the important role
to enhance the photocatalytic activity for the hybridization of
MZO nanocrystals and reduces graphene oxide nanoﬂakes
under the UV irradiation. It is very important to prevent the
electron–hole pairs from recombination in order to enhancing
the photocatalytic activity. Via Mg-doping, the band gap of
ZnO nanoparticles was widen, which could effectively reduce
the shallow donors nearby the conductive band, where the
excited electrons could easily go back to valence back to
recombine with the holes. Under the UV light irradiation, the
photoinduced electron of MZO nanoparticles could transfer
from valence band to conduction band which produce the
photoinduced electron–hole pairs. Hence, the electric charges
move on the interface between ZnO nanoparticles in excited
state and reduced graphene oxide sheets [30]. The MB
molecules are adsorbed on the surface of the RGO sheets.
Meanwhile, these photoinduced carriers could easily transfer to
the nearby MB molecules located on the RGO sheets and the
redox reaction occurs. Therefore, the results in the present
study show that the RGO sheets could help the electrons
transfer and cause the charge separation, and at the same time
they could also prevent the photoinduced electron–hole pairs
of MZO nanoparticles from recombination by transfer the
electron to the MB. During this process, the photogenerated
voltage of the surface of nanocomposites is enhanced and the
photoinduced electron–hole pairs nearby speed up under the
action of electric ﬁeld [15,31,32]. Both of these could produce
the photogenerated current, which improve the response of
photoelectricity.
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Fig. 8. Photodegradation of MB under UV irradiation with different recombi-
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Fig. 9. Cycling photocatalytic performance of Mg0.05Zn0.95O/RGO.
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The in-situ synthesis of MZO–RGO nanohybrids through
one pot reaction has been achieved. The photocatalytic activityof ZnO semiconductor nanomaterial was improved by Mg2þ
doping and hybridized reduced graphene oxide sheets. In this
system, the presence of RGO-hybridized on the surface of Mg-
doped ZnO nanoparticles greatly enhanced the stability of the
photocatalyst. Both band gap widening and efﬁcient electron–
hole separation were identiﬁed as the factors responsible for
the enhanced sunlight-driven photocatalytic activities of
MZO–RGO nanohybirds. Therefore, the MZO–RGO shows
an excellent application of photoelectric and photocatalytic
nanomaterials in the near future.References
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